In the present work, graphite fluoride-platinum(CFx-Pt) composites synthesized via a novel and simple in situ method are discussed as very promising cathodes for primary lithium-ion batteries. The influence of platinum on the performance of CFx was investigated through X-ray diffraction, X-ray photoelectron spectroscopy, transmission electron microscopy, high-resolution transmission electron microscopy and electrochemical measurements. We found that the emergence of semi-ionic C-F bonds and the uniform dispersion of platinum on the surface of CFx during the modification process are the most important factors for improving the electrochemical performance of the cathode material. With the conductivity provided by the platinum, the CFx-Pt cathode achieved a higher discharge capacity and a higher rate capability compared with those of the pristine CFx cathode; the CFx-Pt cathode exhibited a discharge capacity of 600 mAh g -1 , an excellent power density of 8692 W kg -1 at a current density of 5 C, and a plateau of 2.0 V. More importantly, as a kind of lubricant, CFx makes it difficult to uniformly disperse modifying materials across its surface. However, our method opens a new avenue for the better dispersion of modifying materials on the surface of CFx.
INTRODUCTION
Li/CFx batteries possess the highest theoretical specific capacity (865 mAh g -1 ) and theoretical specific energy density (2180 Wh kg -1 ) among all commercially available primary lithium batteries, which have been influential in society. [1] [2] [3] [4] Li/CFx batteries have been widely explored and applied in military weapons, implantable medical devices, defense tools and aerospace devices because of their advantages of a wide operational temperature range (-40~170 ℃), high open circuit voltage (3.0~3.2 V), low self-discharge and long shelf life. [5] [6] [7] [8] [9] [10] However, current Li/CFx batteries suffer from their low operating discharge voltage and poor high-rate performance, mainly due to the kinetic limitations associated with the poor electrical conductivity of CFx induced by the strongly covalent C-F bond, which has inhibited the widespread commercialization of Li/CFx batteries in modern society. [11] [12] [13] [14] [15] To solve these problems, researchers have applied different approaches to improve the conductivity of CFx in recent years. For instance, a series of carbon subfluoride materials have been reported that improved the electrochemical performance of CFx materials. [16, 17] Adding a small amount of a secondary cathode material with good conductivity, such as metal oxides, to CFx was shown to be a very effective method to reduce or eliminate the voltage delay of CFx. [18, 19] In a recent report, Zhu et al. developed a simple and novel method for the first synthesis of SiO2-modified CFx, and CFx-mSiO2 could achieve a discharge capacity of 587 mAh g -1 with a plateau of 2.28 V at a current density of 5 C. [20] Zhong et al. prepared fluorinated multilayered graphene (GFx) by direct gas fluorination of RGO instead of graphene oxide. The cathode delivered a high energy density of 1073 Wh kg -1 and an excellent power density of 21460 W kg -1 at a high current density of 10 A g -1 .
[21]
Other methods have included the enhancement of the conductivity of CFx by the coating of a conductive material onto the surface of CFx, such as carbon and polyaniline. [22, 23] It has been proven that these methods are effective for improving the rate performance of Li/CFx batteries. Platinum (Pt)-based materials are generally considered to be the most effective electrocatalysts for the HER because of their advantages of a high activity, a high selectivity and environmental friendliness. [24, 25] To date, numerous researchers have realized the dispersion of Pt-based catalysts as either single atoms or subnanometer clusters on supports and have obtained good electrochemical performance. However, current reports on improving the conductivity of cathode material by Pt-modified CFx are comparatively scarce in primary lithium-ion batteries. In this paper, we utilize the improved conductivity of a metal platinum-modified CFx cathode material, and the as-synthesized CFx-Pt material displays a discharge capacity of 600 mAh g -1 with a plateau of 2.0 V at a current density of 5 C.
In this work, we successfully synthesized CFx-supported Pt clusters through a novel and simple method to load noble metals onto CFx in situ. The platinum nanoparticles produced by this method could be more effectively distributed than by previous methods. The structures, morphologies and electrochemical performance of all samples were investigated. The results indicate that the CFx-Pt materials exhibit excellent electrochemical properties, especially high rate performance.
EXPERIMENTAL PROCEDURE

Synthesis of the samples
The CFx-Pt composites were fabricated as follows. First, CFx powders (Hubei, Graphite precursor, x≥0.8) was dispersed in 30 mL of water and ethanol at 80 ℃ with rigorous stirring for 30 min in a water bath. Then, a 0.01 M aqueous H2PtCl6 . 6H2O solution was added to the suspension, and the mixture was stirred at 353 K for 3 h. Then, the resulting precipitate was washed with a mixed water/ethanol solution several times and freeze-dried overnight. The final CFx-Pt was obtained by annealing the above product at 623 K for 3 h in air.
Material Characterization
X-ray diffraction (XRD) was performed using a Bruker D8 Advance diffractometer with Cu Kα radiation (λ=0.15406 nm). Transmission electron microscopy (TEM) and high-resolution transmission electron microscopy (HRTEM) images were obtained using a Tecnai F20 microscope in conjunction with powder samples deposited onto a copper microgrid. XPS spectra were acquired using a Kratos AxisUltra XPS spectrometer with an Al Kα X-ray source and an energy resolution of 0.48 eV.
Electrochemical measurements
For the electrochemical tests, the cathode materials (80% by weight), PVDF resin (10% by weight) and acetylene black (10% by weight) were mixed and stirred evenly in N-methyl-2-pyrrolidone (NMP) to form a uniform black slurry. The mixture was coated onto aluminum foil current collectors and then dried in a vacuum oven at 80 ℃ for 6 h. Then, the electrode was cut into disks 14 mm in diameter, and the disks were dried at 120 ℃ for 24 h. Finally, the disks were transferred into a dry glovebox filled with argon for cell assembly. The CR2032-type coin cells were assembled with a metallic lithium disc as the anode, a microporous polypropylene as the separator, and 1 mol L -1 LiPF6
(EC-DMC, 1:1 w/w) as the electrolyte. The coin cells were discharged on a NEWARE battery test station with a cut-off voltage of 1.5 V and were discharged at different rates at room temperature. Electrochemical impedance spectroscopy (EIS) measurements were carried out on an electrochemical workstation (VMP3, Biopic Logic SA) over a frequency range from 100 kHz to 10 MHz.
RESULTS AND DISCUSSION
XRD was used to analyze the compositions of the prepared materials, as shown in Fig. 1 . From the XRD patterns, all samples had three typical wide peaks at 2θ values of 13.4°, 25.7° and 41.2°, which indicated that the structure of the pristine CFx was not changed during modification with Pt. The peaks at 2θ=13.4° correspond to the (001) plane of CFx, especially for the compounds with high fluorine content. [26] The peaks at 2θ=25.7° could be assigned to the (002) plane of graphite. [27] [28] [29] The peaks at 2θ=41.2° were attributed to the (100) plane of graphite, which is related to the C-C inplane length. [30] [31] [32] Moreover, diffraction peaks at 2θ values of 39.8°, 46.3° and 67.5° were observed in the XRD patterns of CFx-Pt corresponding to the (111), (200) and (220) planes, respectively, of the face-centered cubic structure of the platinum nanoparticles (JCPDS 04-0802, a=3.923 α=90°). [33] [34] [35] The diffraction peaks of fcc Pt at 2θ=39.8°, 46.3° and 67.5° were broad, indicating a high dispersion and a smaller size for the Pt nanoparticles. A typical XPS survey scan and the surface composition of the samples are shown in Fig. 1b . The XPS survey spectra of both CFx and CFx-Pt display C 1s, O 1s, N 1s and F 1s peaks, corroborating the presence of carbon, oxygen, nitrogen and fluorine. In addition, the CFx-Pt materials display a predominant peak at 72 eV corresponding to Pt 4f, confirming the presence of platinum. The morphologies of the samples were studied using transmission electron microscopy (TEM). Fig. 2(a-c) show the TEM images of the platinum nanoparticles, which are uniformly dispersed across the surface and edges of the layered CFx support. The rough surface of CFx might expose a greater number of active sites during modification with the Pt NPs, which would improve the interaction of the Pt NPs and result in a uniform dispersion of the platinum nanoparticles without aggregation. The analysis of the elemental distribution of the samples was performed using energy dispersive X-ray spectrometry (EDS) mapping. Fig. 2d shows the uniform distribution of the C, F, and Pt elements in the sample corresponding to the broadening of the Pt peaks in the XRD pattern. To analyze the chemical states and elemental compositions of all samples, X-ray photoelectron spectroscopy (XPS) analysis was carried out. The corresponding results are shown in Fig. 3a-d. Fig. 3a and 3b show the XPS spectra of both CFx and CFx-Pt, and there were five peaks in the C 1s region. The peak located at 284.8 eV corresponded to sp 2 C=C bonding, and that located at 286.3 eV was assigned to sp 3 C-C bonding. [38, 39] The additional peaks at approximately 288.0 eV, 290.3 eV and 291.5 eV corresponded to semi-ionic C-F, covalent C-F and C-F2 bonding, respectively. [38, [40] [41] [42] As shown in Fig. 3c , the peaks located at 71.4 eV and 75.0 eV corresponded to Pt 4f7/2 and Pt 4f5/2, respectively, indicating the normal Pt° state in the CFx-Pt materials, [43] which is consistent with the XRD results. Fig. 3d shows the F 1s spectra of both CFx and CFx-Pt. It can be seen that the peak for CFx-Pt shows a small shift compared with that of pristine CFx, which is due to covalent C-F bonds transforming into semi-ionic C-F bonds. Furthermore, the presence of semi-ionic C-F was beneficial for improving the conductivity of the material.
[44] CR2032-type cells with a metallic Li counter electrode were used to investigate the electrochemical performance of the pristine CFx and CFx-Pt composites at different current rates (Fig.  4) , and the electrochemical performance of the pristine CFx and CFx-Pt composites are listed in Table 1 . As shown in Fig. 4(a-b) , at rates of 0.05 C, 0.5 C, 1 C, 2 C and 5 C, the discharge capacities of pristine CFx were 665, 611, 603, 495 and 217 mAh g -1 ,respectively, while for CFx-Pt, the discharge capacities were 848, 729, 691, 681 and 600 mAh g -1 , respectively. Although an optimal conducting agent (10% acetylene black) was used, the pristine CFx still showed a poor discharge specific capacity at different current rates compared with those of the CFx-Pt composite. More interestingly, whereas CFx cathodes are known to suffer from slow kinetics, the CFx-Pt electrodes demonstrated outstanding high rate capabilities. The specific capacities of the pristine CFx cathodes at the rates of 2 C and 5 C were 495 and 217 mAh g -1 , respectively. Compared with those of pristine CFx, the CFx-Pt samples exhibited higher discharge capacities of 681 and 600 mAh g -1 at 2 C and 5 C, respectively, with a significant increase in the specific capacity. Even at a rate of 5 C, only a marginal change was observed in the discharge capacity. In summary, the electrochemical properties of the CFx cathode materials prepared in this paper exhibited better properties than those of most of the currently available CFx cathodes. For instance, carbon fluoride (CFx)/manganese dioxide (MnO2) hybrid cathodes display a maximum power density of only 6599 W kg -1 and an energy density of only 1814 Wh kg -1 at 5 C. [19] This is mainly because these hybrid materials could only improve the discharge performance of the battery to a certain extent because the CFx materials and MnO2 materials cannot be integrally combined by simple mechanical milling. PPy-CFx composite materials were synthesized by electrodeposition, and they exhibited a discharge capacity of only 70 mAh g -1 at 4 C. [45] Carbon subfluoride nanofibers (F:C=0.76) can achieve a high power density of 8057 W kg -1 at 6 C. [46] However, the discharge capacity of the carbon subfluoride nanofibers substantially decreased at high rates. Fig. 4c shows the average potentials of the pristine CFx and CFx-Pt composites as a function of the discharge rate. At rates of 0.05 C, 0.5 C, 1 C, 2 C and 5 C, the average discharge voltages of pristine CFx were 2.4, 2.2, 2.1, 1.8 and 1.7 V, respectively, while for CFx-Pt, the average discharge voltages were 2.4, 2.3, 2.2, 2.1 and 2.0 V, respectively. Obviously, the average potential of the pristine CFx rapidly decreased with an increasing discharge rate, and its average potential was only 1.7 V at a discharge rate of 5 C. In comparison to pristine CFx, the CFx-Pt samples exhibited a higher discharge voltage of 2 V at 5 C. Fig.  4d shows the energy density versus power density (Ragone plots) of all samples, and higher energy density and the lower power density values were observed at low discharge rates. With an increasing discharge rate, the energy density obviously decreased due to a drop in the output potential and discharge capacity. However, the energy density was almost three times greater for CFx-Pt at a rate of 5 C compared with that of the pristine CFx (Fig. 5) . At the same time, the Ragone plot indicates that the CFx-Pt exhibited the best performance among all samples. For a high rate, the CFx-Pt composite power density was more than 8692 W kg -1 (at a 5 C discharge rate), whereas a power density of only 7418 W kg -1 was obtained for the pristine CFx.
The electronic conductivity of the electrode material, the diffusion of lithium within the electrode and the integrity of the electrode-electrolyte interface could be further researched by electrochemical impedance spectroscopy (EIS). Fig. 6 shows the Nyquist plots of the battery cells prepared with CFx-Pt and pristine CFx in their discharged states. All samples had a sloped straight line in the low-frequency region and a semicircle in the high-frequency region, which represent the Li + transfer resistance between the electrolyte and the surface of the electrode and the charge-transfer resistance at the interface of the electrode and electrolyte, respectively. As shown in Fig. 6 , the charge transfer impedance of the pristine CFx cathode was approximately 195 Ω, which is approximately 4 times greater than that of the CFx-Pt cathode (44 kΩ). It was obvious that the impedance could be reduced through Pt modification of the cathode, resulting in a higher discharge capacity and discharge platform. The EIS measurement provides further evidence for the improvement of the electrochemical performance through the introduction of metallic Pt. 
CONCLUSION
In summary, we have synthesized CFx-Pt materials by a simple in situ chemical modification method, and small platinum nanoparticles are uniformly dispersed across the CFx surface. The phases and chemical structures of the CFx-Pt materials were characterized by X-ray diffraction and X-ray photoelectron spectroscopy. The surface morphology and elemental mapping were studied using transmission electron microscopy and high-resolution transmission electron microscopy. Interestingly, the CFx-Pt materials show a discharge capacity of 600 mAh g -1 with a plateau of 2.0 V and a maximum power density of 8692 W kg -1 at a current density of 5 C. The CFx-Pt materials show better electrochemical properties compared to those of pristine CFx, which may be due to the emergence of semi-ionic C-F bonds and the decrease in the charge transfer resistance after the platinum nanoparticles have been uniformly dispersed across the CFx materials during the modification process.
